Detecting small molecular targets such as metal ions is just as important as detecting large molecules such as DNA, RNA and proteins, but the field of metal ion sensors has not yet been well developed. A good example of a metal ion target is mercury, which is highly toxic, widely distributed in the environment and affects human health. To develop a diagnostic platform for metal ions, we demonstrate that functional DNA-linked gold nanoparticles (AuNPs) can quickly and simply detect and quantify Hg 2+ ions in aqueous solution, with high sensitivity and selectivity over competing metal ions. A linker DNA molecule containing thymine residues and sequences complementary to the DNA on the AuNPs was designed to aggregate DNA-functionalized AuNPs. When Hg 2+ ions were introduced into this system, they induced the linker DNA to fold by forming thymine-Hg 2+ -thymine bonds. The linker DNA's folding caused the AuNPs to rapidly disassemble, which caused a discernable color change in the solution from purple to red. The limit of detection for Hg 2+ in the present method is 5.4 nM, which is below the 10 nM maximum contaminant level defined by the US Environmental Protection Agency (EPA) ). This system has been converted into a dipstick test using lateral-flow devices, making it even more practical for point-of-care diagnostics.
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-thymine bonds. The linker DNA's folding caused the AuNPs to rapidly disassemble, which caused a discernable color change in the solution from purple to red. The limit of detection for Hg 2+ in the present method is 5.4 nM, which is below the 10 nM maximum contaminant level defined by the US Environmental Protection Agency (EPA) for drinking water. Our results show that this Hg 2+ detection method has excellent selectivity over other divalent metal ions (e.g. Pb ). This system has been converted into a dipstick test using lateral-flow devices, making it even more practical for point-of-care diagnostics.
Introduction Importance of detecting small-molecule targets
Novel analytical techniques improve diagnostics and theranostics for applications in healthcare and related fields. [1] [2] [3] In contrast to the tremendous progress in nucleic acid and protein detection, small-molecule analysis of disease markers and inorganic or organic cofactors in biological pathways, has lagged behind. [4] [5] [6] These targets are just as important as their larger counterparts, as they play critical roles in biological function and disease development. For example, for many years a protein-based marker called prostate-specific antigen (PSA) has been used as a marker for prostate cancer. 7 However, it has been recognized that PSA is a poor marker for the disease because it gives high rates of false positives and false negatives. 8 On the other hand, a recent report demonstrated that sacrosine, a small organic molecule similar to glycine, may be a better marker for the onset of prostate cancer than PSA. 9 Therefore, detecting small-molecule targets is a major but exciting challenge in bioanalytical chemistry and medical diagnostics.
Importance of detecting small-molecule targets such as metal ions
Among the small-molecule targets, metal ions such as calcium or iron are known to benefit human health while other metal ions, such as lead and mercury, are deleterious. With the exception of a few metal ions such as calcium, we know very little about the mechanisms by which metal ions are transported into cells, speciated into different forms, and enabled to carry out their beneficial or deleterious functions. 10 Tsien and others' calcium sensors are an excellent example of how metalion sensors can revolutionize biochemistry, cellular biology, and related fields.
11
Challenges in detecting small-molecule targets such as metal ions More than half of the elements in the periodical table form metal ions that are found in biological systems and the environment, and some metals form many different oxidation states. Unlike nucleic acid and protein detection where nucleic acid or antibody arrays can be used to detect almost any biomolecular target, there are few general sensing strategies that can be used to produce a sensor for any metal ion or a specific oxidation state of a given metal ion.
12 Antibodies that can be raised against large molecular targets such as proteins often fail to recognize metal ions; they are too small to elicit a strong immunological response, and some metal ions are too toxic for animals or cells to produce antibodies against them. 13 Recently, several whole-cell bacterial biosensors were developed to detect metal ions such as mercury. However, most of them were insufficiently selective.
14,15 Also, whole-cell biosensors are limited by the expense, fragility, growth requirements of cells, and the specialized training needed to handle them.
16,17
Functional DNA or RNA as an excellent alternative in detecting small-molecule targets such as metal ions Functional DNA and RNA are nucleic acids with either enzymatic or specific binding activities. 18 Examples of functional DNA include ribozymes and deoxyribozymes (also called DNAzymes), which are similar to protein enzymes, and riboswitches and aptamers, which are similar to antibodies. Ribozymes and riboswitches have been isolated from cells while DNAzymes and DNA aptamers are obtained by in vitro selection 19, 20 or Systematic Evolution of Ligands by Exponential Enrichment (SELEX). 21, 22 The selection process can be tailored to obtain functional DNA or RNA to bind almost any target of interest, making it, like antibody selection, a general method for sensing molecules. 23 Unlike antibody selection, however, these functional DNA and RNA molecules have been shown to bind selectively not only to large molecules, but also to small-molecule targets, with affinities down to the picomolar range for the dissociation constant. In particular, functional DNA molecules are much more stable than antibodies and can be denatured and renatured many times without losing their function. 12 Because of these advantages, we and others have developed functional nucleic acid sensors for a wide range of targets including metal ions, small organic molecules, proteins, and cells.
18 By combining the functional DNA with fluorophores/quenchers, gold nanoparticles, carbon nanotubes, quantum dots, and iron oxide nanoparticles, we and others have developed highly sensitive and selective, fluorescent, colorimetric, and electrochemical sensors and MRI contrast agents, with detection limits as low as 45 pM (11 ppt) and over million-fold selectivities.
24-28
Functional DNA sensors for mercury Mercury is a highly toxic heavy metal ion that can cause a number of severe adverse health effects such as damage to the nervous, immune, and excretory systems. Sensors that can detect mercury in situ and in real time can greatly increase our understanding of its toxicity and prevent its toxic effects. Toward this goal, we have designed a highly sensitive and selective catalytic beacon sensor for Hg 2+ using the thymine-mercury-thymine interaction to modulate DNAzyme activities through allosteric interactions (Fig. 1a) . 29 Its detection limit of 2.4 nM is lower than the 10 nM maximum contamination level defined by the US EPA for drinking water. We then further simplified the sensor by using the thymine-mercury-thymine interaction without the DNAzyme to create a ''turn-on'' fluorescent sensor for mercury. This only slightly changed the sensor's properties, giving it a detection limit of 3.2 nM and high selectivity (Fig. 1b) . 27 In addition to DNA molecules, we also used proteins in lysozyme-stabilized gold fluorescent clusters Hg 2+ sensors, which also had a similar detection limit (10 nM) (Fig. 1c) . 30 These results complement those of other groups who have developed Hg 2+ sensors using functional DNA and lysozyme-stabilized gold fluorescent clusters.
31-35 Finally, we also developed a Hg 2+ theranostic agent that can simultaneously detect and detoxify mercury using an ion-responsive poly(ethylene glycol) (PEG) liposome (Fig. 1d) . 36 Since the distribution of mercury in a patient can be location-and time-specific, treating a patient exposed to Hg 2+ can be challenging. Using a Hg 2+ detoxification agent at too high a concentration can lead to side-effects, and in any case a single dose of such an agent may be inefficient in dealing with the Hg 2+ concentration distribution throughout the patient's tissues. The novel liposome-based system shown in Fig. 1d can detect and respond to Hg 2+ at concentrations as low as 10 nM. This system adjusts the release of Hg 2+ chelators to the local concentration of Hg 2+ , releasing more chelators in regions of high Hg 2+ concentration and no chelators in regions of low concentration. This ''budgeted'' release profile will be particularly useful in situations where the local Hg 2+ contamination levels vary, or fluctuate over time.
Developing dipstick tests for small-molecule targets such as metal ions
While these functional nucleic acid sensors are useful as analytical tools to understand biological systems and serve as diagnostics and theranostics in healthcare, they are not without their limitations. For example, the techniques described thus far require the precise transfer of solutions containing reagents, 18 and thus are not suitable to address a major unmet need in healthcare: rapid, on-site and real-time detection and quantification of small-molecule targets. To overcome this limitation, we have transformed the functional nucleic acid sensors into dipstick tests using lateral-flow devices. 37, 38 Similar to a pregnancy test that uses antibodies as the diagnostic agent, we used aptamers and DNAzymes that are much more stable than antibodies, and gold nanoparticles (AuNPs) whose extinction coefficient is 10-100 times greater than the most intense organic dyes currently used in commercial dipstick tests. 39 More importantly, we took advantage of the distance-dependent color changes of AuNPs that are due to surface plasmon effects. As a result, when the target is absent, the aggregated AuNPs will appear blue, but when the target is introduced the AuNPs will appear red. 38 While this unique concept made adenosine and cocaine detection in aptamer-AuNP-based lateral flow devices possible, it has not been feasible to detect metal ions using an analogous DNAzyme system. Instead, AuNPs serve only as a color-labeling agent. 37, 40 To take full advantage of the distance-dependent optical changes of AuNPs, we herein describe a new dipstick test that changes color in the presence of mercury.
Experimental Materials
All DNA samples were purchased from Integrated DNA Technologies, Inc. (Coralville, IA). The linker DNA was purified by gel electrophoresis, whereas the thiolmodified DNA molecules were purified by HPLC. Streptavidin was purchased from Promega. AuNPs that were 13 nm in diameter were synthesized by the 
(typically 9 mL of 1 mM DNA was added to 3 mL of AuNPs), and NaCl (100 mM) was added to the solution. The solution was left at room temperature for another two days, and the DNA-functionalized AuNPs were purified by centrifugation and removal of the supernatant before use.
Sensor preparation
Solutions of thiol-modified DNA AuNPs were mixed in the presence of NaNO 3 (300 mM), MOPS (3-(N-morpholino) propanesulfonic acid) buffer (10 mM, pH 7.2), and 45-mer linker DNA (varying concentrations). The samples were annealed by heating at 75 C for 2 min, cooling down to room temperature over $1 h, and then being stored at 4 C for 2 h. The AuNPs aggregated and changed color from red to purple during this process. The samples were centrifuged, and the precipitates were collected and dispersed in a buffer containing 150 mM NaNO 3 ; 10 mM MOPS; pH 7.2.
Dipstick test sample preparation
The Millipore Hi-Flow Plus Assembly Kit (Millipore Corporation, Bedford, MA) was used. The kit contains a Hi-Flow Plus Cellulose Ester Membrane with a nominal capillary flow time of 240 s/4 cm, an absorption pad, wicking, and a glass fiber conjugation pad. The device assembly is shown in Fig. 2b . One DNA arm contains a biotin moiety at the 5 0 -end while the other does not. The purified AuNP aggregates were dispersed in designated buffer solutions (8% sucrose, 150 mM NaNO 3 , 10 mM MOPS; pH 7.2) and agitated vigorously with a pipette. AuNP aggregates (4 mL) were spotted onto each conjugation pad, and 10 mg mL À1 streptavidin (1.5 mL) was applied to the membrane by a 2 mL pipette to form a thin line. The loaded strips were stored in a drawer overnight before use.
Detection
To detect Hg 2+ using a solution-based sensor, a small volume of concentrated Hg 2+ solution was added to 100 mL of the AuNP-aggregate suspension. The ensuing color change was monitored with a UV-vis spectrophotometer (Hewlett-Packard 8453) at room temperature. For dipstick tests, varying concentrations Hg 2+ were dissolved in a flow buffer containing 150 mM NaNO 3 and 10 mM MOPS at pH 7.2. The wicking pad of each device was dipped into the solutions for approximately two minutes to fully hydrate the conjugation pad, and the liquid began migrating on the membrane. Then the device was placed horizontally on a plastic surface for the flow to continue. A digital camera was used to take pictures of the devices after approximately 10 min.
Results and discussion
We constructed a colorimetric mercury sensor as shown in Fig. 2a . It is based on our recent fluorescent Hg 2+ sensor that uses structure-switching DNA and on colorimetric sensors for adenosine and cocaine using aptamers and AuNPs. 27, 38, 42 The sensor system consists of two sets of 13-nm AuNPs, with each set of AuNP functionalized with either DNA 1 (in purple) or DNA 2 (in blue). A 45-mer linker DNA is then used to bring the two sets of DNA-functionalized AuNPs together. This linker contains three segments. The first segment is complementary to DNA 1 , the second segment is complementary to DNA 2 , and the third segment remains in single-stranded form. Critical to this sensor design is the presence of seven thymine-thymine mismatched pairs (T-T shown in pink) separated by five selfcomplementary base pairs located within the second and third segments of the linker DNA. In this way, the addition of the linker DNA should aggregate the AuNPs functionalized with DNA 1 and DNA 2 to form blue-or purple-colored aggregates due to the surface plasmon effect. Since Hg 2+ is known to form strong thymineHg 2+ -thymine base pairs, 31,43 the presence of Hg 2+ would induce the folding of the last two segments of the linker DNA into a hairpin structure as shown in Fig. 2a . As a result, only five base pairs would remain between DNA 2 and the linker DNA, which is not enough to keep both strands in a stable double-stranded form at room temperature. Therefore, DNA 2 and the attached AuNPs would be released from the linker DNA, the AuNPs would disassemble, and their color would change from purple to red. This phenomenon can be monitored by measuring changes in the Fig. 4 Quantifying the Hg 2+ concentration by monitoring the absorbance ratio four minutes after adding mercury. The calibration curve of the colorimetric mercury sensor saturated at concentrations higher than 1500 nM. A linear relationship between the absorbance ratio and Hg 2+ concentration was observed for a wide concentration range (0-1500 nM). The data were obtained from three independent measurements and the error bars indicate the standard deviation. Fig. 3 Kinetics of the color change at various concentrations of Hg 2+ . a) UV-vis spectra of the colorimetric mercury sensor whilst 1.5 mM of Hg 2+ is been added over the course of four minutes. A decrease in the absorbance at 700 nm and an increase at 520 nm is shown. b) The kinetics of the absorbance ratio increase as the Hg 2+ concentration increases.
solution absorbance at 520 and 700 nm, with a high ratio indicating red-colored disassembled AuNPs and a low ratio indicating purple-colored aggregated AuNPs.
42
The colorimetric spectra of the sensor system during the four minutes after adding 1.5 mM Hg 2+ is shown in Fig. 3a . The assembly of AuNP aggregates was studied using different linker DNA concentrations from 4 nM to 100 nM. The concentration of AuNPs was 8 nM (4 nM each of DNA 1 -and DNA 2 -functionalized AuNPs). Although 40 nM of linker DNA was sufficient to aggregate all the AuNPs, AuNPs aggregated with 20 nM of linker DNA were found to be the most sensitive toward Hg 2+ -induced disassembly. At 20 nM linker DNA, $ 85% of AuNPs were removed in the form of aggregated particles after 2 min of centrifugation at 400 Â g. As a result, each AuNP was connected to the AuNPs by approximately six linker DNA molecules.
To study the Hg
2+
-induced disassembly of AuNP aggregates, the sensor solutions were treated with Hg 2+ ions of various concentrations and the kinetics of their color changes were monitored by UV-vis spectroscopy (Fig. 3b) . Higher concentrations of Hg 2+ ions increased the rate at which the solution changed to red. Quantitative analysis was carried out by monitoring the increase in the absorbance ratio four minutes after adding different Hg 2+ concentrations. As illustrated in Fig. 4 , a linear relationship between the absorbance ratio and Hg 2+ concentration was observed in the wide range of Hg 2+ concentrations from 0-1500 nM. The sensor has a detection limit of 5.4 nM based on 3s/slope, which is about two times lower than the maximum contaminant level of 10 nM defined by the US EPA for drinking water. At very low Hg 2+ concentrations, because there were around six linkages for each AuNP and each linkage contains seven T-T mismatches, only a small fraction of the AuNPs was released from the aggregates. Therefore, the absorbance ratio could not substantially increase in the presence of the high background absorbance of the remaining aggregates. Despite this limitation, the sensitivity of the current detection system is comparable to our recent fluorescence-based detection method, 27 and is greater than those of previously reported Hg 2+ sensors.
31,44-46
To determine the selectivity of the sensor, 1 mM of each metal ion was individually added to the sensor solution and the absorbance ratio change was monitored. As shown in Fig. 5 . Red bars represent sensor responses after adding 1 mM of Hg 2+ and 1 mM of another metal ion. The last red bar represents the sensor response when 1 mM of mercury was added to the pond water; the dilution factor was 1.5. sensor is likely due to the high specificity of the interaction between T-T mismatches and Hg 2+ which has been previously demonstrated.
47
Since it had exhibited exquisite sensitivity and selectivity in buffer solutions, our sensor was further tested with pond water collected on the University of Illinois campus. Using the standard addition method, Hg 2+ ions were added to the sensor solution in the pond water up to a final concentration of 1 mM. The sensor responded to Hg 2+ very similarly, whether it was in pure or pond water (Fig. 5 ). Similar responses were also obtained with 100 and 300 nM mercury in pure and pond water. This is an indicator that our sensor is able to detect Hg 2+ in pond water with little interference.
Although the success of this Hg 2+ colorimetric sensor is an important step toward real-time sensing, the next step would be to convert this sensor into an even simpler Hg 2+ dipstick test that does not require instruments such as a UV-vis spectrophotometer or quantitative solution transfer. As in the colorimetric sensing system, Hg 2+ -responsive AuNP aggregates containing two kinds of DNA-functionalized AuNPs and a 45-mer linker DNA were prepared. In this case, two kinds of thiolmodified DNA 2 (biotinylated and non-biotinylated) were used to functionalize particle 2. Biotin modifications on the DNA strands ( ) allowed the AuNPs to be captured by streptavidin. The optimal 1 : 1 ratio between two DNA molecules, which has been shown in our previous work, 38 was used in this study. Four overlapping pads of a lateral flow device were attached to a paper backing as follows (from top to bottom): absorption pad, HiFlow Plus membrane, glass fiber conjugation pad, and wicking pad. Aggregated AuNPs were prepared in a buffer containing 10 mM MOPS (pH 7.2), 150 mM NaNO 3 , and 8% sucrose, producing a dark-purple solution. Sucrose was added to the buffer to keep the DNA hybridized and facilitate the rehydration of the aggregates. The lateral-flow device was allowed to dry for 8 h. Aggregated AuNPs were spotted onto the conjugation pad, and streptavidin was applied to the HiFlow Plus membrane as a thin line (Fig. 2b) . When the bottom of the dipstick was placed into the sample solution, the Hg 2+ ions migrated to the aggregates and disassembled the aggregated particles. While the large size of the aggregates prevented them from migrating onto the conjugation pad, 42 the small size of the dispersed AuNPs allowed them to migrate freely with the solution flow and be captured by streptavidin. Their capture and immobilization formed a thin red line that indicated the presence of Hg 2+ . In order to test the performance of the lateral flow device, the dipstick was placed into flow buffers containing varying Hg 2+ concentrations. In all cases, a dark band at the boundary between the conjugation pad and the membrane was observed (Fig. 6) . The unreacted aggregates on the boundary provided a useful control which was due to the aggregated AuNPs that are so large they can no longer migrate along the membrane. 38, 42 As shown in Fig. 6 , the intensity of the red line at the streptavidin capture zone increased as the concentration of Hg 2+ increased. While colorimetric tests monitor a change in color, dipstick tests measure the intensity of a single color. Thus, the dipstick test can provide qualitative or semiquantitative results. In fact, for most lateral-flow-based detections, such as the pregnancy test, only a yes or no answer is required. In our current sensor design, the appearance of a faint red line in the case of a negative control requires further optimization, which is in progress.
Conclusions
In summary, we have designed a highly sensitive and selective colorimetric sensor for mercury that is based on structure-switching DNA that contains mismatched thymine residues. The sensor is easy to use, shows a fast color change, and has a detection limit of 5.4 nM, which is lower than the 10 nM US EPA limit for Hg 2+ in drinking water. Furthermore, we have immobilized AuNP aggregates onto a lateral-flow device, resulting in the first easy-to-use dipstick test for mercury. Their simple design makes the highly sensitive and selective colorimetric sensor and corresponding dipstick tests capable of carrying out real-time mercury detection in environmental and medical applications.
